With the great availability of sequences from RNA-and DNAdependent RNA and DNA polymerases, it has become possible to delineate a few highly conserved regions for various polymerase types. In this work a DNA polymerase sequence from bacteriophage SPO2 was found to be homologous to the polymerase domain of the Klenow fragment of polymerase I from Escherichia coli, which is known to be closely related to those from Staphylococcus pneumoniae, Thermits aquaticus and bacteriophages T7 and T5. The alignment of the SPO2 polymerase with the other five sequences considerably narrowed the conserved motifs in these proteins. Three of the motifs matched reasonably all the conserved motifs of another DNA polymerase type, characterized by human polymerase a. It is also possible to find these three motifs in monomeric DNA-dependent RNA polymerases and two of them in DNA polymerase /3 and DNA terminal transferases. These latter two motifs also matched two of the four motifs recently identified in 84 RNA-dependent polymerases. From the known tertiary architecture of the Klenow fragment of E.coli pol I, a spatial arrangement can be implied for these motifs. In addition, numerous biochemical experiments suggesting a role for the motifs in a common function (dNTP binding) also support these inferences. This speculative hypothesis, attempting to unify polymerase structure at least locally, if not globally, under the pol I fold, should provide a useful model to direct mutagenesis experiments to probe template and substrate specificity in polymerases.
Introduction
The number of available protein sequences is growing rapidly due to the facility of nucleotide sequencing techniques. One protein class often studied and sequenced is the polymerase family which is central to the duplication and expression of genes. Polymerases can use RNA or DNA as a template (RNA-or DNA-dependent); the product can also be RNA or DNA. Polymerases are found both in eukaryotes and prokaryotes, though sequencing efforts have often concentrated on those from viruses. One way to use the information contained in all these sequences is to try to align them and thereby allocate them amongst related families and subfamilies. This has been achieved for DNA-dependent DNA polymerases, where three main subfamilies have been identified. One of them contains the Klenow fragment of Escherichia coli polymerase I, whose threedimensional structure is known (Ollis et al., 1985a) , and polymerases from phages 17 (Ollis et al., 1985b; Argos et al., 1986) and T5 (Leavitt and Ito, 1989) , and from Thermus aquaticus (Lawyer et al., 1989) and Staphylococcus pneumoniae (Lopez et al., 1989) . This family will be referred to as the pol I family. For another set of DNA-dependent DNA polymerases (Wang et al., 1989) , as those homologous to the human polymerase a (hereafter referred to as pol as), more than 10 sequences from various species are known. A third subfamily of DNA-dependent DNA polymerase, hereafter called the pol /3 type, has only two members: DNA polymerase /3 (Matsukage etal., 1987) and terminal transferase (Peterson etai, 1985; Koiwai, 1986; Zmudzka et al., 1986) . Until now, just one DNAdependent DNA polymerase sequence, from the SPO2 bacteriophage (Raden and Rutberg, 1984; Jung et al., 1987) , resisted alignment with any of the three aforementioned types.
Clearly, the aim of diese alignments, apart from evolutionary implications, is the identification of the regions essential for polymerase function, since these sequence segments should appear as the most conserved. Generally, a great number of aligned sequences will ensure sufficient variability to identify the functionally required regions. For the pol I type, die five previously aligned (Ollis etal., 1985b; Argos etal., 1986; Leavitt and Ito, 1989; Lopez et al., 1989) sequences are sufficiently close so as not to allow confident delineation of the absolutely required motifs.
In the present work, it has been found that the polymerase from bacteriophage SPO2 can be aligned, using a sensitive method, wirn the polymerase portion of the Klenow fragment in the Cterminal part of the protein [the N-terminal domain has a 3'-5' exonuclease function (Freemont et al., 1986) ]. The total alignment of the C-terminal part of the six proteins of the pol I type is presented. The relatedness of SPO2 polymerase with those from phages T7 and T5, S.pneumoniae, T.aquaticus and E.coli is sufficiently distant that highly conserved regions can now be reduced to five in number. Interestingly, three of the five regions match reasonably with the three most conserved motifs of DNAdependent DNA pol as, suggesting that the two polymerase types may share a common tertiary fold, or at least contain similar local tertiary architecture required for similar functions. These motifs are likely to represent modules required for the polymerase structure and activity.
Searches were men performed to detect such sequence patterns in other polymerase families. All three motifs could be found in DNA-dependent RNA polymerases that consist of only one subunit (see Masters et al., 1987) ; two motifs were found in pol /3s, in the same linear arrangement and maintaining the strictly conserved residues, hi addition to this, an examination of several aligned RNA-dependent RNA polymerases as well as reverse transcriptases, for which four highly conserved motifs have been highlighted (Kamer and Argos, 1984; Poch et al., 1989) , allows the suggestion that two of their motifs could match the two motifs shared by DNA pol Is, pol as and pol /3s. These sequence similarities are further supported by a statistically significant alignment between the entire polymerase domain of two members of these different families, namely a DNA-dependent DNA (Argos, 1987) between the Klenow fragment of DNA poly I from E. coti and DNA polymerase from bacteriophage SPO2. The search window lengths ranged from 5 to 35 in steps of 2; the search peaks are plotted over the entire window length, with the largest value dominating when overlap occurs from the mululength windows. The peak values (S) are scored as a number of standard deviations (c) above the matrix mean for each window length. Thin lines indicate 4.5a < S < 5.5<r and thick lines refer to 5.5cr < S< 6.OCT. The path used as a basis to effect the alignment of Figure 2 is indicated by arrows. The remaining alignments shown in Figure 2 are founded on simultaneous inspection of all six sequences.
polymerase and an RNA-dependent DNA polymerase. The alignment of the C-terminal most motif, containing two acidic groups, is in agreement with those suggested by Argos (1988) amongst RNA-dependent RNA polymerases, reverse transcriptases, and DNA-dependent DNA pol as. An examination of these conserved regions relative to the known Klenow fragment tertiary architecture positions them in areas likely to interact with nucleotides. In fact, many biochemical data (Joyce and Steitz, 1987; Larder et al., 1987b) point to the importance of these motifs in the catalytic process, in the different families of polymerases. The design of site-directed mutagenesis experiments should benefit from the model suggested here, implying possible common tertiary segments for various polymerases, if not a common topology.
Results
Pairwise sequence comparisons were done by a search procedure based on residue characteristics (Argos, 1987) . The resulting alignments of the C-terminal polymerase portion of the Klenow fragment of DNA-dependent DNA polymerase I from E.coli and polymerases from bacteriophages T7, T5, S.pneumoniae and T.aquaticus are similar to the ones given by Argos et al. (1986) , Leavitt and Ito (1989) , Lopez et al. (1989) and Lawyer et al. (1989) alignment pattern taken for SPO2 and E.coli polymerases are shown in Figure 1 ; it is clear that strong regions of homology exist at the 4.5 SD or higher level. No such strong relationships could be found between SPO2 and S.pneumoniae, T.aquaticus, T7 or T5 polymerases. Figure 2 shows the alignment of the Cterminal part of these six polymerases sequences; this multiple alignment was obtained by manual adjustment of the different but closest pairwise alignments. A conservation profile resulting from this alignment was also calculated (data not shown); this profile is based on a five-residue window and the score is simply the normalized sum of the matrix elements corresponding to the mutations observed in all the different pairwise alignments. The Figure 4 as blackened for motif A, vertically striped for motif B and horizontally striped for motif C. Strictly conserved positions are boxed, highly conserved residues are bold and underlined, generally hydrophobic residues are indicated by a (+) (top line). References for DNA-dependent DNA polymerases of pol a type can be found in Wang et at. (1989) . The sequences are taken from human polymerase alpha, Autographies califomica nuclear polyhedrosis virus, phage T4, Epstein -Barr virus, cytomegalovirus, vaccinia virus, varicella-Zoster virus, cytomegalovirus, adenovirus, phage 29, yeast plasmid PGKL1 and phage PRD1. DNA polymerases of the pol I type come from E.coli, S.pneumoniae, T.aquaticus and bacteriophages SPO2, T5 and T7. Pol 0 type is represented by the rat DNA polymerase 0 and mouse terminal transferase. Also included arc DNA-dependent RNA polymerases from phage T3 and yeast mitochondria (Masters et al., 1987) . The ones from phages T5 and Sp6 were omitted since they are too close to the one from phage T3. The final set of RNA-dependent polymerases derive from (references in Poch et al., 1989) (N-terminal) , motif B and motif C (C-terrrunal). The number of amino acids between motifs for each sequence is also indicated. The line NK shows the secondary structure as observed in the tertiary structure of the E.coli Klenow fragment [see Figure 4 for fold and nomenclature and Ollis et al. (1985a) for the structure description). Under SK, the observed Klenow secondary structure is given for each motif position where a = helix, b = strand and t = turn; residues predicted as turn or not predicted as helix or strand are designated turn. SI, S2, S3, S4 and S5 show the mean predicted secondary structure (Argos, 1985) for pol a, pol I, pol /3 DNA-dependent DNA polymerases, DNA-dependent RNA polymerases and RNA-dependent polymerases respectively. Under K # the amino acid sequence number according to the KJenow fragment tertiary structure is given for the highly conserved sites; this allows better recognition of the site in the Klenow fold given in Figure 4 .
matrix is a rescaled Dayhoff matrix as used by Gribskov and Burgess (1986) . A threshold of 60% conservation leaves five regions of high homology, which are indicated in Figure 2 . These regions are characterized by the conserved sequences (F)N»»S»«(Q)(L)»»»L for the first region [• refers to a given alignment position occupied by any amino acid, (X) indicates an amino acid almost universally conserved by the six sequences, and a single letter refers to exact conservation in all the sequences], (T)GR for region 2, D»(S)»«E for region 3, K »Y(G) for region 4 and VHD(E) for region 5. A multiple alignment was also built for 12 sequences of DNAdependent DNA polymerases as from man, yeast and several viruses. These sequences are essentially the ones presented by Wang et al. (1989) together with two recent additions to the NBRF sequence data bank (one polymerase from another adenovirus, Wmadl2, and one from a nuclear polyhedrosis virus, Npadnapma). The resulting conservation profile using a window of five residues left three regions above a 60% conservation threshold. They are characterized by D»«(S)(L)Y(P)(S), K«»N(S)«(Y)G and (Y)(G)DTDS, as previously noted by other authors (Bemad et al., 1987) . A comparison of the most conserved sequences for the pol I and pol a types suggests an overlap of these three regions of pol as with regions 3, 4 and 5 of the pol I type; these regions will hereafter be called motifs A, B and C (Figure 3 ). These three motifs are centered on invariant residues: motif A contains a strictiy conserved aspartate at the junction of a beta strand and an alpha helix, motif B contains an alpha helix with positive charges and motif C has a doublet of negative charges located in a beta-turn-beta secondary structure, as implied from the Klenow structure ( Figure  4 ). Great variability in the lengths separating the different conserved regions was observed for the pol as: 50-120 residues between motifs A and B (average 70) and 25 -150 residues between motifs B and C (average 60). In the pol Is, these values compare respectively with 30 and 100 residues, on average.
A rat DNA-dependent DNA polymerase /3 (Matsukage et al., 1987) can be easily aligned with a mouse terminal deoxynucleotidyltransferase (Koiwai etal., 1986) . Though many residues are identically conserved amongst the two sequences, an N-terminal and a C-terminal fragment may be related to motifs A and C of DNA polymerases (Figure 3) .
For DNA-dependent RNA polymerases, the three motifs could only be found in the proteins made of only one subunit. Four different sequences of this type are known, the two most distantly related being from phage T3 and yeast mitochondria (Masters et al., 1987) . The distances between motifs compares well with the ones of the pol I type. The sequence fragments corresponding to the motifs are presented in Figure 3 , together with those found in DNA pol as, pol Is and pol /3s. Secondary structure predictions averaged over each set of sequences (DNA pol. as, pol Is and pol /3s and DNA-dependent RNA pols) were made according to the procedures of Argos (1985) and are given in Figure 3 . Except for pol /3s, for which only two sequences are known, they often show agreement amongst themselves as well as with the pol I structure, especially for motifs A and C.
Recently, Poch et al. (1989) identified four motifs shared by all RNA-dependent RNA, and DNA polymerases (84 different sequences). Two of their motifs were found to be similar to two of those contained in the DNA-dependent polymerases; namely, motifs A and C. These two motifs maintain the strictly conserved residues in the same environment. The mean secondary structure predictions agree with the observed structure in the corresponding Fig. 4 . An illustration of the tertiary folding pattern of the polymerase domain from the E.coli Klenow fragment. The sketch is similar to that given by Ollis et al. (1985a) . The three differently shaded regions, in moving from the N-terminus to the C-terminus, correspond respectively to motifs A (black region), B (vertical stripes) and C (horizontal stripes), whose sequences are given in Figure 3 . Sequence positions relative to the secondary structures are numbered, ^-strands are numbered sequentially and a-helices are designated by letters according to the alphabet. The structural position of the conserved amino acids is indicated in each of the motifs.
regions of the Klenow fragment (Poch et al., 1989) . Sequence fragments from 12 representative RNA-dependent polymerases (i.e. from each of the subfamilies: reverse transcriptases, plus-, minus-and double-strand RNA polymerases) are shown aligned to those matched in the DNA pols (Figure 3) .
Several viral RNA-dependent RNA polymerase and reverse transcriptase sequences were then compared to those from pol Is and pol as using the same sequence comparison technique as above (Argos, 1987) . Among the different pairwise comparisons, extensive sequence similarities were found between the viral hepatitis B RNA-dependent DNA polymerase from Woodchuck (Galibert et al., 1982) and Herpes simplex virus DNA polymerase, a member of the DNA pol a family (Gibbs et al., 1985) . The matrix is shown in Figure 5 and the resultant alignment in Figure 6 . It is noteworthy that 31 % of the aligned residues are identical. In this alignment, two conserved regions can be delineated that correspond to motifs A and C. The homology between these two sequences provides a possible link between the DNA-and RNA-dependent polymerases.
Discussion

DNA-dependent DNA polymerases
Sequence similarities. In this work, a new member was added to the pol I type of DNA-dependent DNA polymerases. An analysis of the multiple alignments for the pol I type as well as for the pol a type pointed to three conserved motifs held in (Argos, 1987) between Woodchuck hepatitis B RNA-dependent DNA polymerase and Herpes simplex DNA-dependent DNA polymerase. The search window lengths ranged from 9 to 35 in steps of 2; the search peaks are plotted over the entire window length, with the largest value dominating when overlap occurs from the multiprobes. The peak values (S) are scored as a number of standard deviations (a) above the matrix mean for each window length. Thin lines indicate 3.2a < S < 3.9a; thick lines, 4,Ckr < S < 4.3<r, circles 4.4a < S < 4.7a; and jagged lines, 4.8(7 < S < 5.0a. The path used as a basis to effect the alignment shown in Figure 6 is indicated by arrows.
common. The distances between these motifs are quite variable. However, within each polymerase type, there is already great variation in the distances between conserved regions. Moreover, it would seem unlikely that three of five most conserved sequence regions in the polymerase domain of pol Is (Figure 2 ) could be aligned with the three most conserved regions of DNA pol as purely by chance. A different piece of evidence pointing to a possible link between the pol I and the pol a types comes from sequence similarities within the exonuclease domain of the T5 polymerase and pol as (Leavitt and Ito, 1989) . It is then reasonable to expect their polymerase domains to be related also. In fact, this observation has been recently extended to all exonuclease domains of pol as and pol Is, including SPO2 (Bernad et al., 1989) . In addition, the secondary structure predictions, especially for motifs A and C, point to supersecondary structures for pol as that coincide with those observed in the pol I Klenow structure.
From the sequences to structure. The three motifs A, B and C are clustered and consecutive in the C-terminal fraction of the Klenow fragment and correspond to structural features likely to interact with the DNA (Ollis et al., 1985b) . Figure 4 highlights the portions of the E. coli pol I tertiary structure corresponding to the three shared motifs. Motif A, characterized by a conserved Asp and Ser, corresponds to strand 9 and helix L. Motif B, with conserved Lys, Tyr and Gly encompasses most of helix O and the following long loop region. Motif C delineates strands 12 and 13 with the mostly conserved negative charges contained in the connecting loop of the /3-hairpin. Since the N-terminal Asp of the doublet is the only one universally conserved, it is presumed to be catalytically more important. It is clear that the structural segments A and B are likely to come into contact with DNA and that the strand 12-13 hairpin loop could place at least one catalytic residue in the polymerase active site. Model building of DNA into the Klenow fragment structure also supports the importance of these regions (Ollis et al., 1985a,b; Warwicker et al., 1985) . Furthermore, the C a atom of motif C Asp882 is within 5.5 A of that from Asp705, conserved in motif A [C a atom coordinates given in Brookhaven database (Bernstein et al., 1977, file 1DPI) ]. Their spatial proximity would allow both to participate in catalysis. Region 2 of pol Is (sequence TGR between strands 7 and 8-see Figures 2 and 4) is also located in the vicinity of this area but no sequence homology with the pol a type could be found for this region. Region 1 falls in an undefined part of the electron density map (see Ollis et al., 1985a; Figure 4) . From structure to Junction. Considerable biochemical evidence points to the importance of these three motifs in the DNA polymerase activity. A synthesized E.coli pol I oligopeptide corresponding to the N-terminal-most two-thirds of the loop region connecting helices O and P (motif B-see Figure 4 ) has been shown to bind deoxynucleotide triphosphate substrates of pol I as well as duplex DNA (Mildvan, 1989) . Furthermore, photo-affinity labeling with 8-azido-dATP identifies Tyr766 as a residue in the active site (Joyce and Steitz, 1987) while Lys758, also part of this motif, succumbs to chemical labeling, this time using pyridoxal phosphate (Basu and Modak, 1987) . A further synthesized peptide (Shenbagamurthi etal., 1988; Mildvan, 1989) corresponding to helix Q and strands 12 and 13 (motif C) was not found to bind the pol I substrate, although it apparently retains its proper folding; however, this result does not exclude that this peptide, although unable to bind dNTP on its own, can co-operate with other regions of the native protein and be just part of the binding site. In fact, His881 of pol I, which is in the loop joining strands 12 and 13 and sequentially ajdacent to the conserved Asp882 of motif C, has been shown to be involved in the binding of [ 32 P]dTTP (Pandey et al., 1987) . In addition, the beginning of helix Q, which is close in space to the end of helix O (motif B) and motifs A and C, can also be labeled by phenylglyoxal (Mohan etal., 1988) .
Similarity, for the pol a type, genetic studies of the Herpes simplex virus polymerase (Larder et al., 1987a) revealed that four out of the six identified drug-resistant polymerase mutants cluster in motifs A and B. The drug used was a dNTP analog. Other mutants involved in drug and substrate recognition were also mapped by Gibbs et al. (1988) in motifs A and B. This is in agreement with a central role of these motifs in dNTP binding for the pol a type, as is the case of the pol I type.
Finally, for the third DNA polymerase type (pol /3), a chemical affinity-labeled [ 32 P]8-azido-dATP) peptide in the terminal transferase allowed the mapping of the dNTP binding site; this peptide contained the sequence GHDVD that is part of motif C (Evans etal., 1989) and that resembles both YGDTD and VHDE. This supports the alignment given in Figure 3 , even though motif B could not be found with certainty in this pol /3 type of DNA polymerases. Furthermore, the number of residues between motifs A and C in the transferase (-150) matches well the corresponding number in the Klenow pol Is averaging about 170 residues. Structural implications of the distance variability between motifs. Figure 3 shows the number of residues contained between each of the motifs for all the DNA pol a sequences and for the Klenow polymerase I domains. Between motifs A and B a comparable number of residues is found for both pol I and a types, while between B and C the pol a sequences generally contain considerably fewer amino acids than their putative Klenow counterparts. This region of the structure encompasses helix P, strands 10 and 11, and helix Q. Apart from the beginning of helix Q, these regions are unlikely to be in contact with the DNA, according to model building studies (Warwicker et al., 1985 ; Figure 4 ), suggesting that this region could be considerably deleted without apparent catalytic harm. The shortest segment between motifs B and C is 25 amino acids in the human pol a sequence; a peptide of this size could easily connect Ile779 at the C-terminus of the Klenow motif B to Arg875 at the Nterminus of motif C; i.e. connect the loop following helix O with strands 12 and 13 of motif C. In fact, given the 49 A distance between the C a atoms of Ile779 and Arg875 in the E.coli pol I tertiary structure (Ollis et al., 1985a) , 17 residues in helical conformation (mean C a distance of 1.5 A) and eight in a coil stucture (mean C a distance of 2.9 A) could span the required 49 A. This 'helical model' would allow the maintenance of the N-terminal region of helix Q, whose sequence is also reasonably conserved in the six type I DNA polymerase sequences (see Figure 2 ). The distance between motifs A and B can also vary from 50 to 120 residues in the pol a family; this region corresponds to helices M and N of the Klenow structure. In the pol I family, this distance ranges from 20 to 40 residues. An inspection of Figure 4 suggests the possibility of insertions in this region.
DNA-dependent RNA polymerases
In this family, three conserved regions that matched the three motifs A, B and C could be found, invariant residues are maintained and the residue lengths between them compare well with those of DNA-dependent DNA polymerases. However, since this family is composed of four members with only two sufficiently distant ones, more sequences are needed in order to narrow the number of conserved regions that are truly functionally essential.
RNA-dependent polymerases
Of the four motifs of viral RNA-dependent RNA polymerases, as well as reverse transcriptase sequences recently identified by Poch et al. (1989) , two match motifs A and C of DNA-dependent polymerases. [These motifs are the only sequence features shared by all these sequences.] The 31% identity alignment of the hepatitis B reverse transcriptase from Woodchuck (Galibert et al., 1982) with the Herpes simplex virus DNA pol a (Gibbs et al., 1985) strongly supports the relationships between DNA-and RNA-dependent polymerases. The closeness of these two sequences is also sensible on evolutionary grounds, because reverse transcriptases have already been postulated to be an essential intermediary step in going from an RNA-dependent RNA polymerase to a DNA-dependent DNA polymerase (Lazcano et al., 1988) . Furthermore, it should be pointed out that hepatitis B viruses are the only viruses encoding reverse transcriptase activity that have a DNA genome.
A site-directed mutagenesis experiment has pointed to the catalytic importance of the Asp-Asp doublet in motif C of RNAdependent polymerases (Inokuchi and Hiroshima, 1987) . In addition, site-specific mutagenesis of the human immuno-466 deficiency virus reverse transcriptase revealed that mutation of the first conserved Asp of motif C into His completely destroyed activity (Larder et al., 1987b) . The mutation of the other strictly conserved Asp residue in motif A into Gin had a similar effect.
The sequence length between motifs A and C in the RNAdependent polymerases averages -70 residues, which is considerably shorter than the 150-170 amino acids in the pol Is, though one sequence from influenza virus contains 118 spacer residues, comparable with some pol as (Figure 3 ). Once again, helix P and part of the helix Q and strands 10 and 11 are possible candidates for deletion. The shortest of all the distances (38 residues) suggests that deletions can occur in the M and N helices and in the loop following helix O, in this family. Perspectives and conclusion Argos (1988) previously discussed the conservation of motif C in pol as and RNA-dependent polymerases; we extend this observation to the pol Is, pol /Ss and some DNA-dependent RNA polymerases. Apparently the fully conserved first Asp of the Asp-Asp doublet of motif C is catalytically more important than the second. We also contend that there is at least another motif upstream (motif A), with another strictly conserved aspartate located in a turn between a beta strand and an alpha helix, in spatial proximity of motif C; genetic experiments suggest that this motif might also be involved in the catalytic process. One of the many possible functional roles for these residues is that the strictly conserved Asp residue in motif C may co-operate with the one of motif A to bind a magnesium ion that would be part of the dNTP binding site. This site would be located at the bottom of a cleft containing the DNA. This cleft, similar to the one of the Klenow fragment, is already apparent in a 4 A map of T7 DNA-dependent RNA polymerases (Soos et al., 1989) . If this is true, the different families of polymerases could be the result of divergence from a common ancestor, with essentially the same folding; or the conservation of conserved residues in the same spatial arrangement in the catalytic site could be due to convergent evolution, as observed in the subtilisin and chymotrypsin active site.
In spite of wide apparent sequence variability (likely to reflect a very ancient divergence), it is very tempting to adopt the strong, structurally unifying principle stating that many polymerases may fold like the known tertiary architecture of the E.coli pol I. Consistent with this hypothesis is the experimental observation that it is possible to change the template or substrate specificity of certain polymerase types if Mg 2 " 1 " is replaced by Mn 2+ (see Lazcano et al., 1988) . This model, however, should be viewed as speculative, even though several lines of evidence point to this unifying conclusion. We believe it deserves attention, because site-directed mutagenesis experiments aimed at probing the catalytic site and template specificity should benefit from our hypothesis, which gives a possible structural framework for future experiments. If reported crystals of a heterodimer of the reverse transcriptase for human immunodeficiency virus prove to be diffraction worthy (Lowe et al., 1988) and if the high resolution structure of T7 RNA polymerase soon becomes available, then the final test for the hypothesis made here should be forthcoming.
